The discovery and biochemical characterization of the secretory pathway Ca 2؉ -ATPase, PMR1, in Saccharomyces cerevisiae, has paved the way for identification of PMR1 homologues in many species including rat, Caenorhabditis elegans, and Homo sapiens. 
pump and has been localized to the Golgi compartment where it is important for protein sorting, processing, and glycosylation. However, little is known about PMR1 homologues in higher organisms. Loss of one functional allele of the human gene, hSPCA1, has been linked to Hailey-Hailey disease, characterized by skin ulceration and improper keratinocyte adhesion. We demonstrate that expression of hSPCA1 in yeast fully complements pmr1 phenotypes of hypersensitivity to Ca 2؉ chelators and Mn 2؉ toxicity. Similar to PMR1, epitope-tagged hSPCA1 also resides in the Golgi when expressed in yeast or in chinese hamster ovary cells. 45 The best known members of the P-type Ca 2ϩ -ATPases are those on the plasma membrane (PMCA) 1 and the sarco/endoplasmic reticulum (SERCA). Their functions and structures have been extensively investigated and characterized over the past several decades. The PMCA is known to extrude Ca 2ϩ from the cytosol, whereas the SERCA sequesters Ca 2ϩ into the endoplasmic reticulum (reviewed in Refs. 1 and 2). In recent years, a new class of Ca 2ϩ -ATPases has emerged, the first member of which was found in the yeast Saccharomyces cerevisiae and named PMR1 (for plasma membrane ATPase-related, Ref. 3) . PMR1 was localized to the medial-Golgi compartment, a hitherto unusual distribution for a Ca 2ϩ pump, where it was found to be important for functioning of the secretory pathway (4 -6) . These studies showed that cells lacking functional PMR1 exhibit defects in protein glycosylation, processing, sorting, and endoplasmic reticulum-associated protein degradation. In the absence of a SERCA-type Ca 2ϩ -ATPase in yeast, PMR1 is the major pump that contributes to the steadystate free Ca 2ϩ concentration (10 M) in the endoplasmic reticulum; this level of Ca 2ϩ decreases by 50% in pmr1-null mutants (7) . Additionally, cytoplasmic Ca 2ϩ levels increase up to 16-fold in the pmr1 mutant (8, 9) , despite a compensatory increase in the expression of the vacuolar PMC1 Ca 2ϩ pump (9, 10) . It is now clear that PMR1 couples ATP hydrolysis to Ca 2ϩ transport with an apparent K m of 70 nM (11, 12) .
Intriguingly, PMR1 can also transport Mn 2ϩ . The first evidence for a role for PMR1 in Mn 2ϩ transport came from the observation that pmr1 mutants bypass the need for Cu 2ϩ superoxide dismutase (SOD1). In a pmr1sod1 double mutant, Mn 2ϩ accumulates in the cytosol at levels 4 -5-fold higher than normal and can scavenge harmful free radicals (13) . As a trace element, Mn 2ϩ is an essential cofactor for enzymes in the cytoplasm (14) , mitochondria (15) , and Golgi (6) (19) , and vertebrates, including rat (20) , cow (21) , and human (22, 23) . Recently, heterologous expression of the C. elegans PMR1 homologue, ZK256.1, in cultured COS cells has been reported (19) where it was shown to mediate Ca 2ϩ and Mn 2ϩ transport. In humans, there exist two PMR1 homologues (gene names ATP2C1 and ATP2C2, protein names abbreviated hSPCA1 and hSPCA2, respectively, in this study). While the tissue distribution of hSPCA2 is not yet known, hSPCA1 is widespread in many tissues including keratinocytes, skeletal muscle, kidney, * This work was supported by Grant GM62142 from the National Institutes of Health (to R. R.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. and mammary gland (21, 22) . hSPCA1 shares 49% amino acid sequence identity to yeast PMR1, with nearly complete conservation in the transmembrane domains known to be important for transport. Nonsense and missense mutations inactivating one allele of hSPCA1 are found in patients with Hailey-Hailey disease (MIM 16960), whose symptoms involve a loss of ketatinocyte cohesion (22, 23) . This defect is reminiscent of improper protein glycosylation, sorting, and cell wall morphogenesis in pmr1-null mutants (4, 24, 25) . In this study, we present direct biochemical evidence that hSPCA1 is a bona fide member of the secretory pathway Ca 2ϩ -ATPases. Expressed in yeast and cultured chinese hamster ovary cells, hSPCA1 localizes exclusively to the Golgi. It complements the pmr1-null mutation and transports Ca 2ϩ and Mn 2ϩ with a high affinity similar to PMR1.
EXPERIMENTAL PROCEDURES
Media, Strains, and Plasmids-Yeast strains were grown in yeast nitrogen base (6.7 g/liter; Difco) supplemented with 2% glucose and necessary amino acids. We used the strain K616 (⌬pmr1⌬pmc1⌬cnb1), in which both PMR1 and PMC1, encoding endogenous yeast Ca 2ϩ -ATPases, have been disrupted (11, 26) . Wild type PMR1 was reintroduced into this strain as a His-tagged protein expressed from the 2 plasmid YEpHis-PMR1, which has been described elsewhere (27) . A similar cloning strategy was employed to insert cDNA of human SPCA1 (KIAA1347; Kazusa Research Institute, Japan) into the expression plasmid pSM1052 (gift of Susan Michaelis, Johns Hopkins School of Medicine). Briefly, a 2.7-kb hSPCA1 PCR product was amplified from a SalI and NotI insert of KIAA1347 in the plasmid pBluescript II SK ϩ using an MluI-containing sense primer (CATCACCATACGCGTATTCCTGT-ATTGACATCAA; MluI site underlined) and a SacI-containing antisense primer (GGCGAATTGGAGCTCTCATACTTCAAGAAAAGATG-AT; SacI site underlined). The hSPCA1 PCR product was cloned into pSM1052 at MluI and SacI sites, resulting in the introduction of a 9ϫ His tag at the extreme N terminus of the protein. To generate the N-terminal GFP-tagged hSPCA1 protein, we introduced EcoRI and SacII into the hSPCA1 cDNA by a PCR amplification with a sense primer (EcoRI site underlined; CGGCCGGAATTCATGATTCCTGTAT-TGACA), and an antisense primer (SacII site underlined: CCGGGCC-CGCGGTACTTCAAGAAAAGATGATGA). The resulting PCR product was ligated into vector pEGFP-N1 (CLONTECH) at EcoRI and SacII.
cDNA of the human PMCA4b (GenBank TM accession number AH001521; gift of Adelaida Filoteo and John Penniston, Mayo Clinic, Rochester, MN) was used as a template for PCR with the following sense and antisense primers respectively, GCGCGCACGCGTGGT-GATATGACCAACAGC (MluI is underlined), and GCGCGCGCGGC-CGCCTAAAGCGACGTCTCCAG (NotI is underlined). The product was cloned into pSM1052 at MluI and NotI sites, resulting in the introduction of the His tag at the extreme N terminus. Plasmid br434 (CEN PMA1::SERCA1A::ADC1) expressing rabbit SERCA1 was a generous gift of Dr. Hans Rudolph (University of Stuttgart, Germany) and has been previously described (6) .
Phenotype Screens-Growth of K616 yeast cells transformed with plasmids expressing (His) 9 -PMR1, (His) 9 -hSPCA1, GFP-hSPCA1, rb-SERCA1, or (His) 9 -hPMCA4b, was monitored in media supplemented with increasing concentrations of BAPTA and MnCl 2 as in Wei et al. (27) , with some alterations. BAPTA-supplemented medium was buffered with MES/KOH (final concentration 100 mM) at pH 6.0. 200 l of growth medium was inoculated with 0.009 A 600 units of cells in a 96-well plate and incubated at room temperature for 2-3 days. The cultures were then mixed by gentle vortexing, and growth was measured by determining the absorbance at 600 nm in a SPECTRAmax 340 microplate reader (Molecular Devices). Relative growth was expressed as a fraction of A 600 of the control culture (no BAPTA or Mn 2ϩ ). Membrane Preparation, Gel Electrophoresis, and Antibodies-Sucrose gradient fractionation of yeast cell lysates and total membrane preparation were as described earlier (11), but without the 2-h heat shock. We determined protein concentration with a modified Lowry method (28) after precipitating the protein samples in 10% cold trichloroacetic acid; bovine serum albumin was used as standard (Sigma). Samples were subjected to SDS-PAGE and Western blotting as described (11). His-tagged PMR1, hSPCA1, and hPMCA4b were detected on a Western blot by anti-His 6 antibody (1:5000 dilution; CLONTECH), and anti-rabbit SERCA1 antibody (1:10,000 dilution; Affinity Bioreagent) was used to detect rabbit SERCA1. Horseradish peroxidasecoupled anti-mouse secondary antibody (Amersham Biosciences, Inc.) was used in conjunction with ECL reagents (Amersham Biosciences, Inc.) to visualize protein bands.
Cell Culture, Transfection, and Confocal Microscopy-Chinese hamster ovary cells were cultured in Ham's F12 medium (Mediatech; Herndon, VA) containing 10% fetal bovine serum (Invitrogen). Cells were grown on 8 chamber glass slides and transiently transfected with either pEGFP-hSPCA1 using LipofectAmine 2000 (Invitrogen) according to the manufacturer's instructions and grown to 70 -80% confluency.
For microscopy, GFP-tagged hSPCA1 was visualized in live yeast cells and in transiently transfected CHO cells. Prior to staining with anti-mannosidase antibody, CHO cells were fixed in 2% paraformaldehyde in PBS for 30 min, rinsed with PBS 3 times to remove residual fixative and then permeablized with 0.5% Triton X-100 in PBS for 15 min. Fixation, permeablization and all subsequent incubations were at room temperature. Cells were rinsed with PBS three times prior to incubation with 0.1% bovine serum albumin in PBS for 1 h. Next, the permeablized cells were incubated for 1 h with the primary antibody diluted in PBS containing 0.1% bovine serum albumin at a dilution of 1:1000. The cells were then washed with PBS three times over 30 min and then incubated for 1 h with AlexaFluor 568-labeled goat anti-rabbit antibodies diluted 1:500 in PBS containing 0.1% bovine serum albumin. Finally, cells were again washed with PBS three times over 30 min and then mounted with Prolong antifade mounting medium (Molecular Probes Inc., Eugene, OR). Rabbit anti-mannosidase II antibody was purchased from Dr. Kelley Moremen (University of Georgia; Athens, GA).
45 Ca 2ϩ Transport Assays-The transport assay was done as described (11) , and the latter is efficiently removed at low chelator concentrations, the observed growth inhibition by BAPTA correlates with Ca 2ϩ starvation. Heterologous expression of a high affinity Ca 2ϩ pump allows Ca 2ϩ to be efficiently scavenged for delivery into the secretory pathway where it is required for protein sorting and modification. Fig. 1 shows that like PMR1, expression of epitope-tagged hSPCA1 can effectively restore BAPTA tolerance to the yeast mutant lacking endogenous Ca 2ϩ pumps. Similarly, Mn 2ϩ toxicity in K616 is indicative of loss of Mn 2ϩ transport. A critical route for Mn 2ϩ detoxification is delivery into the secretory pathway via PMR1, and subsequent exit from the cell. Fig. 1 also shows that the hypersensitivity of the pmr1-null mutant to Mn 2ϩ toxicity can be rescued by introduction of hSPCA1. Strikingly, hSPCA1 confers significantly higher levels of tolerance to Mn 2ϩ when compared with PMR1, while BAPTA tolerance typically remained lower. In previous studies we have established that differential sensitivity to BAPTA and Mn 2ϩ in PMR1 mutants correlates with altered ion selectivity. The data in Fig. 1 are consistent with the possibility that hSPCA1 is more selective for Mn 2ϩ transport, relative to PMR1. 9 -tagged hSPCA1 were grown in 500 ml cultures, lysed gently, and fractionated on a 10-step sucrose gradient. Using an array of organellar markers, we have previously showed that (His) 9 Pmr1 localizes discretely to Golgi fractions, which are separate from endoplasmic reticulum, plasma membrane, and vacuoles (11, 29) . Fig. 2A shows that histidine-tagged hSPCA1 localizes to the same fractions as histidine-tagged PMR1, as indicated by the appearance of ATP-driven 45 Ca transport activity in fractions corresponding to the Golgi (26 to 30 -34% sucrose). The equivalent fractions derived from the vector-transformed host strain were virtually devoid of Ca 2ϩ pumping activity. Western analysis of the fractions confirms that hSPCA1 has a distribution similar to that of PMR1 (Fig. 2B) .
Human Secretory Pathway Ca 2ϩ -ATPase Expressed in YeasthSPCA1 Localizes to the Golgi in Yeast and in Cultured Mammalian Cells-Yeast strains expressing (His)
To determine whether Golgi localization was specific to the secretory pathway Ca 2ϩ -ATPases, we examined the distribution of representative members of the SERCA and PMCA subtypes expressed in yeast. Fig. 2 also shows 45 Ca transport activity and Western analysis of fractions derived from K616 yeast transformed with plasmid expressing (His) 9 -human PMCA4b and untagged rabbit SERCA1. These two Ca 2ϩ -ATPases are distributed in the denser half of the sucrose gradient, which has previously been shown to contain both endoplasmic reticulum and plasma membrane fractions (11) . Clearly, the Golgi localization and 45 Ca 2ϩ transport activity of hSPCA1 expressed in yeast mirrors that of PMR1, and not those of the PMCA or SERCA pumps.
Live yeast cells transformed with GFP-tagged hSPCA1 were examined by confocal microscopy. Fig. 3 shows that GFP fluorescence resides in scattered, punctate structures characteristic of the appearance of Golgi bodies in yeast, and similar to the previously reported distribution of PMR1 (4) . Fig. 4A is a confocal image of a field of live chinese ovary cells transiently transfected with GFP-hSPCA1. The majority of fluorescence has a juxtanuclear distribution, similar to the recently reported distribution of the C. elegans PMR1 homologue expressed in COS cells (30) . To verify the identity of this compartment, the cells were stained with antibody to the Golgi resident protein, mannosidase II. Fig. 4B shows that GFP fluorescence is essentially superimposable with the signal from mannosidase II, confirming the Golgi localization. These microscopy data, together with subcellular fractionation of yeast membranes, establish that hSPCA1 is a resident Golgi protein, and provide further evidence for classification as a member of the secretory pathway Ca 2ϩ -ATPases. (Fig. 5A) . The data are consistent with a single high affinity site for Ca 2ϩ , similar to a recently reported value of 250 nM for the PMR1 homologue from C. elegans (19) . In earlier studies of 45 Ca transport and Ca 2ϩ -dependent ATPase activity, we have observed a K m of 70 nM for S. cerevisiae PMR1 (11, 29) .
The ability of hSPCA1 to bind Mn 2ϩ was assessed indirectly by inhibition of 45 Ca 2ϩ transport, as shown in Fig. 5B . Mn 2ϩ inhibition of 45 Ca 2ϩ accumulation in vesicles decreased with increasing Ca 2ϩ concentration, suggesting that the two ions compete for the same sites (not shown). Mn 2ϩ inhibition of Ca 2ϩ transport activity was significantly greater for the secretory pathway pumps (75-90%) than for human PMCA4 and rabbit SERCA1 (ϳ30%; Fig. 5B, inset) .
Thapsigargin, a potent inhibitor of the SERCA pumps, was ineffective in inhibiting Ca 2ϩ transport activity of hSPCA1, at concentrations up to 5 M (not shown). This insensitivity is also exhibited by yeast PMR1 (11) 54 Mn 2ϩ in sarcoplasmic reticulum-derived vesicles from rabbit skeletal muscle when Ca 2ϩ was absent. In contrast, numerous independent experimental observations have indicated that the secretory pathway homologues of PMR1 from yeast and C. elegans can transport Mn 2ϩ with high affinity (12, 19, 27, 29) . Here, we evaluate Mn 2ϩ sequestering activity in vivo by comparing phenotypes of yeast strains transformed with plasmids encoding rbSERCA1, hPMCA4 and hSPCA1, respectively. Heterologous expression of all Ca 2ϩ -ATPases in the pmr1-null mutant restores BAPTA tolerance to levels similar to endogenous yeast PMR1, indicating that all of these pumps share the ability to transport Ca 2ϩ (Fig. 6A) . In contrast, only the secretory pathway Ca 2ϩ -ATPases, hSPCA1 and PMR1, confer tolerance to high levels of extracellular Mn 2ϩ (Fig. 6B) . The inability of SERCA and PMCA to confer Mn 2ϩ tolerance, taken together with significantly weaker Mn 2ϩ inhibition of 45 Ca transport (Fig. 5B, inset) suggests a lack of high affinity Mn 2ϩ transport activity in these pumps. At this time, however, we cannot exclude the possibility that Golgi localization is somehow critical for effective in vivo Mn 2ϩ sequestration. Additional evaluation of Mn 2ϩ -dependent ATPase activity and phosphoenzyme formation may clarify this issue in the future.
In summary, our current data are consistent with the in- triguing possibility that the secretory pathway Ca 2ϩ -ATPases have evolved to function as major high affinity Mn 2ϩ pumps in the Golgi.
DISCUSSION
In this study we have provided biochemical evidence for the subcellular localization and ion transport properties of an uncharacterized human cDNA KIAA1347, which we have termed the secretory pathway Ca 2ϩ -ATPase (SPCA1), in accordance with an earlier proposal by Shull (32) . This nomenclature is consistent with the other two well known subtypes of Ca 2ϩ pumps, SERCA and PMCA, and serves to distinguish members of a novel and rapidly expanding subtype. We show here that hSPCA1 localizes to the Golgi and mediates the high affinity, thapsigargin-insensitive transport of Ca 2ϩ and Mn 2ϩ into the secretory pathway, resulting in full complementation of pmr1-null phenotypes. Phylogenetic analysis of amino acid sequence alignments of representative Ca 2ϩ -ATPases from diverse species, depicted in Fig. 7 , reveal three distinct clusters of SPCA, SERCA, and PMCA, consistent with non-overlapping organellar distributions and cellular functions.
Haploinsufficiency of hSPCA1, resulting from missense and nonsense mutations in the ATP2C1 gene, was recently identified in patients with Hailey-Hailey disease (22) (12, 19, 27, 29 , and this study). Based on these observations, we propose that the SPCA have uniquely evolved as high affinity Mn 2ϩ pumps to fulfill physiological roles that are only beginning to be understood.
